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Neurotransmitters are released continuously at ribbon synapses in the retina and cochlea. Notably, a
single ribbon synapse of inner hair cells provides the entire input to each cochlear afferent fiber. We
investigated hair cell transmitter release in the postnatal rat cochlea by recording excitatory postsy-
naptic currents (EPSCs) from afferent boutons directly abutting the ribbon synapse. EPSCs were car-
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ried by rapidly gating AMPA receptors. EPSCs were clustered in time, indicating the possibility of
coordinate release. Amplitude distributions of spontaneous EPSCs were highly skewed, peaking at
0.4 nS and ranging up to 20 times larger. Hair cell depolarization increased EPSC frequency up to
150 Hz without altering the amplitude distribution. We propose that the ribbon synapse operates by
multivesicular release, possibly to achieve high-frequency transmission.

Hair cells, retinal photoreceptors and bipolar cells release their
neurotransmitters tonically, modulating the rate of release as
stimulus intensity changes!. Small, clear synaptic vesicles clus-
ter around plate-like or spherical electron-dense structures
called ribbons at sites of afferent contact. It is thought that the
synaptic ribbon serves to accumulate or otherwise promote the
release of vesicles at these synapses. In the mammalian cochlea,
some 10-30 afferent fibers each form a single bouton-like end-
ing on one inner hail cell (IHC), and most such contacts are
served by a single synaptic ribbon®3. This single active zone
provides the entire acoustic signal for an afferent fiber, includ-
ing ongoing spontaneous activity up to 100 Hz, evoked action
potentials at maximal rates of 300 Hz and phase locking up
to 5 kHz*.

What are the mechanisms that allow continuous, rapid exci-
tation by the ribbon synapse of the hair cell? Capacitance mea-
surements have shown that hair cells®?, like retinal cells!?, can
sustain high rates of membrane fusion, possibly correspond-
ing to the release of hundreds of vesicles per ribbon per sec-
ond. Even a single vesicle’s transmitter might activate enough
current to depolarize the very small afferent bouton to thresh-
old!!. Indeed, in a limited number of intracellular recordings
from afferent fibers, every synaptic potential did evoke an
action potential!?. Neither the previous afferent recordings nor
capacitance measurements have sufficient resolution, however,
to determine whether transmitter release from the ribbon
synapse is quantized, as predicted by the vesicle hypothesis. It
also is not known how release at a single ribbon synapse varies
with hair cell membrane potential.

In the present study, we used whole-cell, tight-seal record-
ings from afferent boutons contacting IHCs to provide high-
resolution voltage clamp of excitatory postsynaptic currents
(EPSCs) at this ribbon synapse. In contrast to the expectation
that only single vesicles might be released, the EPSCs had a wide
range of amplitudes, which supports an alternative hypothesis
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of multivesicular release. In the central nervous system, action
potential-evoked multivesicular release occurs at single synaps-
es!3. At the ribbon synapse, however, apparently multivesicu-
lar release from the hair cell can occur spontaneously, under
conditions in which membrane potential does not vary. Indeed,
when the hair cell membrane was depolarized experimentally,
EPSC frequency increased but the skewed amplitude distribu-
tion was unchanged. Such behavior does not fit the standard
picture of calcium-dependent vesicular fusion; rather, it sug-
gests that the ribbon synapse enables multivesicular release
through steps that do not depend on the immediate entry of
calcium through voltage-gated channels.

Multivesicular release from the hair cell is not required to
initiate action potentials in the afferent fiber—indeed, the
smallest EPSCs seen here could depolarize the afferent to
threshold. Instead, the ribbon may be specialized for multi-
vesicular release to ensure transmission even at the highest
rates of stimulation.

RESULTS

Excitatory postsynaptic currents in afferent fibers

We used whole-cell tight-seal methods to record postsynaptic
currents from afferent fibers contacting IHCs in apical turns of
7-13-day rat cochleae (the onset of hearing occurs on day
11-12)'4. The patch pipette directly contacted the terminal
swelling of an afferent fiber at the base of the IHC (Fig. 1). Entry
into the whole-cell configuration on an afferent bouton was evi-
dent from a change in holding or capacitative current in some
cases, but more often from the appearance of spontaneous EPSCs
(described below). The most common alternative was to establish
a whole-cell recording from the IHC itself. These recordings were
easily distinguished from those of afferent boutons because the
neonatal IHC has a substantial input capacitance (7-9 pF), slow
cholinergic synaptic currents'>and Ca?" action potentials!®, none
of which occur in the afferent bouton.
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Spontaneous EPSCs were observed in 16 of 21 afferent bou-
tons in saline containing 5.8 mM K* (Fig. 2a). We elicited
EPSCs in silent boutons, or accelerated their spontaneous
occurrence by elevating extracellular K¥, thereby depolarizing
the IHC and increasing transmitter release onto the afferent
fiber (Fig. 2b). With some exceptions, EPSCs occurred irreg-
ularly, at apparently random intervals. In four boutons stud-
ied in 5.8 mM K%, the average frequency was 1.5 £ 1.1/s
(702 EPSCs total). In two additional afferent fibers in 5.8 mM
K*, EPSCs occurred in bursts (Figs. 7 and 8). The frequency
of EPSCs in 40 mM K™ was substantially higher: 27.2 £ 22.1/s
(n =5 fibers, 2,950 EPSCs). Application of 1 UM tetrodotox-
in (TTX) did not change the frequency, average amplitude or
waveform of the EPSCs (Fig. 2b), assuring that the postsynap-
tic activity was not contaminated with unclamped voltage-
gated sodium currents from the afferent axon (n = 2).

EPSC amplitudes were markedly variable in all recordings,
ranging from 15 to nearly 800 pA in a single bouton. All
recordings showed a prominent type of EPSC waveform with a
fast rise time and a slower exponential decay (Fig. 2c). These
monophasic EPSCs represented
about 70% of events in all record-

Fig. 1. IHCs contacted by afferent fibers. Two afferent boutons visual-
ized at the base of an IHC by DIC, one with attached pipette tip for
whole-cell recording. Inset: most IHC synapses are served by a single
synaptic ribbon with clear core vesicles attached (not to scale).

of EPSC amplitudes. There was some variability in their rise
and decay times. In some instances, inflections were visible
during the rising phase; these events were counted as
monophasic as long as no clear second peak was seen. At a
holding potential (V}) of —94 mV, the mean 10-90% rise time
was 0.43  0.10 ms and the mean time constant of decay (T ec,y)
was 1.07 £ 0.22 ms (mean # s.d. for 21 boutons, 4,083 EPSCs
total; recordings in 5-40 mM K™ saline). Monophasic EPSCs
sometimes appeared as doublets (inset Fig. 2¢) with intervals
up to several milliseconds, and the second EPSC could be larg-
er, smaller or the same size as the first.

In most recordings, a minority of EPSCs ((30%) did not
decay with a single exponential. These multiphasic EPSCs had a
wide range of waveforms, many seeming to consist of a group of
smaller events (left column, Fig. 2d). Larger multiphasic events
seemed to include a mixture of monophasic EPSCs with smaller
components forming inflections on the rising or falling phases
(right column, Fig. 2d). One interpretation is that multiphasic
EPSCs occurred when otherwise simultaneous multivesicular
release was dispersed in time.

EPSCs are mediated by AMPA receptors

We recorded EPSCs in 5.8 mM K* saline at different holding
potentials (Fig. 3a) and calculated the mean amplitudes. The
resulting current—voltage (I-V) relation was well fit by a straight
line passing through 0 + 11 mV (n = 4) (Fig. 3b).

The EPSC time course was voltage dependent, slowing at
more positive membrane potentials. In one bouton, for exam-
ple, the mean Tg..,, was 0.79 + 0.14 ms (n = 21) at -94 mV and
1.96 + 0.38 ms (n = 44) at +56 mV (Fig. 3a). Among five bou-
tons, the average ratio of decay time constants at +56 and
—94 mV was 2.2 (p < 0.001). This voltage-dependent time course
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Fig. 3. EPSCs at the IHC ribbon synapse AF #5
are carried by AMPA receptors. Whole- a o VN Cc  Contol 10 UM CNQX After washout
m

cell recordings. (a) Averaged EPSCs

recorded at different membrane potential —4mv
(V) in 5.8 mM K* saline. V}, and number of -34mv

S . \ 7
EPSCs per average indicated. EPSC time —64mv
.. . -94mv 21 200
course slowed at more positive potentials. pA

(b) The current voltage relation of the 200‘
fiber in a was non-rectifying and reversed
at +3 mV. (c) EPSCs at + 56 mV in 20 mM
K* saline with 2 UM external glycine.
10 pM CNQX completely and reversibly
blocked EPSCs. (d) EPSCs in 20 mM K*
saline at -94 mV. Averaged EPSCs in con-
trol saline and in 100 UM cyclothiazide. In
this fiber, Ty, slowed threefold in

op

200 —

vy

V), = +56 mV 2s

Control
/ >

o

cyclothiazide, from 1.22 + 0.45 ms (n = 25)

to 3.62 + 2.0 ms (n = 20). ~200 —

—400 —

EPSC mean amplitude (pA)

40 100 pM cyclothiazide

5ms

has been described before for EPSCs

0 40 V)= -94 mv

mediated by AMPA receptors!”. vy, (MV)

Application of 10-50 UM 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX), an antagonist of
AMPA /kainate receptors, completely and reversibly blocked
EPSCs at negative (—94 or —84 mV, n = 2) and positive holding
potentials (+ 56 mV, n = 3) (Fig. 3¢). Even at the positive holding
potential, intended to relieve the Mg?* block of NMDA recep-
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tors, and in the presence of 2 UM glycine as a cofactor for NMDA
receptor gating, there were no residual EPSCs when CNQX was
present. The tested boutons showed both monophasic and mul-
tiphasic EPSCs (Fig. 2c and d). Thus, all the varieties of synap-
tic response were sensitive to CNQX.

We also compared EPSC waveforms before and
one minute after application of 100 pM cycloth-
iazide, which reduces the desensitization of AMPA
receptors but not kainate receptors'® (Fig. 3d).
Cyclothiazide markedly slowed the rate of decay of
the EPSCs and had a smaller effect on the rate of rise.
In the presence of cyclothiazide, the 10-90% rise
time slowed twofold, from 0.42 + 0.01 ms to 0.96
0.24 ms (n = 3 cells, p < 0.01), and Ty, slowed
fourfold, from 1.15+ 0.14 ms to 4.22 + 0.88 ms
150 200 (n=3cells, p<0.001, 20-186 EPSCs analyzed). We
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Fig. 5. EPSC amplitude as a function of T4, and 10-90% rise time,
in 40 mM K* saline at =94 mV. n, number of EPSCs. Only ‘monopha-
sic’ EPSC amplitudes are included (compare Fig. 2c). (a, b) In each
recording, a population of EPSCs with amplitudes >300 pA are
closely grouped below the | ms Tgec,,. The fastest Tqec,, values are
seen for the smallest EPSCs. A slight increase in Ty, is seen with
bigger EPSCs (solid line in a); the dashed line may represent wave-
forms arising from maximal temporal dispersion of component
events. (c, d) The relation of EPSC amplitude and 10-90% rise time
for monophasic EPSCs. Slower rise times include some visibly
inflected EPSCs.
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and other multipeaked events (Fig. 2c and d). The multi-
peaked events could result from a process of multivesicular
release whose perfect coordination results in large-amplitude
EPSCs but that, when discoordinate, produces the faster time
constant. The genesis of the double EPSCs is less certain. The
overabundance of short intervals relative to a principal slow
time constant, implying a coordinate release process, is still
better resolved by analysis of EPSCs in 5 mM K* (see Fig. 6).

The variation of EPSC waveform with amplitude
Further support for the multivesicular nature of release at
the hair cell ribbon synapse can be obtained from analysis of
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Transmitter release during hair cell depolarization
EPSC frequency was markedly increased by application of 40 mM
extracellular potassium (Fig. 2b). Amplitude histograms were con-
structed from all EPSCs in each of four fibers (3 shown, Fig. 4a, c
and e). In each case, the amplitude distribution was highly skewed,
with a prominent peak at 30-36 pA and a marked extension into
amplitudes as much as 20 times larger. The mean amplitudes of
the distributions varied between 133 and 171 pA, and the coeffi-
cient of variation (CV) was between 77% and 95%.
The mean EPSC frequency in five fibers recorded

in 40 mM K* was 5, 6, 26, 47 and 52 per second. Dur- @
20

ing the time course of the recordings (lasting between

45 and 218 s), however, the temporal pattern some- "
times changed. Application of high-K* solution ~ § |
caused a bursting pattern of EPSCs in some cases g
(Fig. 7b), and event frequency fell during some 3 109
recordings. We therefore used diary plots to choose €
epochs of relatively constant frequency for interval = 57
analysis. The interevent interval histograms were fit .

with two exponentials: a slower component of
65-250 ms and a faster component of 4-18 ms
(Fig. 4b, d and f). The presence of the faster time con-
stant may reflect the occurrence of ‘double EPSCs’
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Fig. 6. EPSC analysis in 5.8 mM K* saline. V;, 94 mV; mean 100
amplitude * s.d. indicated; n, number of EPSCs. 2 4
(a, ¢, d) Data pooled from four recordings with irregular ]
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(b) Interevent interval histogram of an individual fiber (bin
width 20 ms); monoexponential fit with T at 450 ms
(excluding the first bin). The value for the first 20 ms bin 0
(>80% of data points <5 ms) was about 7 times higher than

expected from the fit, indicating coordinate release.
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1 the EPSC waveform. For example, the shape of some multi-
20 phasic EPSCs indicated that they may arise from temporal

dispersion in the release of multiple vesicles (Fig. 2d). Such

clearly discoordinate release events could represent one
extreme of a continuum that also influences the waveform of the
monophasic EPSCs. That is, if large monophasic EPSCs arise
from multivesicular release, then the effects of temporal disper-
sion would reduce the peak amplitude and broaden the overall
waveform to prolong the rise and decay times.

To examine this possibility, we plotted the amplitudes of only
monophasic EPSCs as a function of Tyec,, and 10-90% rise time
(Fig. 5a—d). For four fibers in 40 mM K* and nine fibers in
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15-25 mM K*, we saw a uniform pattern in the waveform distri-
bution. The fastest time constants (110-300 Us) were found for
the smallest EPSCs, whereas a population of EPSCs with ampli-
tudes greater than 300 pA was grouped closely below the 1-ms
Tdecay (Fig. 5a and b). If the smallest EPSCs result from a single
vesicle, then a slight increase in decay time (indicated by the solid
line in Fig. 5a) occurs as more vesicles contribute to make larger
EPSCs. On the other hand, if substantial temporal dispersion of
multivesicular release were to occur, then smaller, broader EPSCs
would be expected, as indicated by the dashed line. Intermediate
values of amplitude and time course would result from variable
combinations of coordinate and dispersed release events.

As predicted for multivesicular release, the 10-90% rise time
shows a pattern similar to that of Ty.,, when plotted against ampli-
tude (Fig. 5c and d). The faster rise times span the entire ampli-
tude range, whereas slower rise times correlate with smaller events.
The slower rise times presumably include inflected waveforms
(Fig. 2¢). However, the resolution of the very fastest EPSCs may
have been obscured by the voltage-clamp time constant, which was
estimated to average 40 s (see Methods). Nonetheless, the gen-
eral pattern is consistent with the hypothesis that temporal dis-
persion of multivesicular release broadens the EPSC waveform.

Transmitter release with the hair cell at rest

Having described the features of transmitter release from IHCs
when depolarized by 40 mM K*, we next analyzed release from
hair cells with ‘normal’ resting potentials in 5.8 mM K*. Because
of the low frequency of EPSCs in these conditions, it was necessary
to compile data from four recordings to obtain sufficient numbers.
The resulting amplitude histogram is highly skewed, with a peak
at 18 pA and a broad range of values from 12 to 715 pA (Fig. 6a).

Fig. 8. Comparison of amplitude distributions from afferent fiber
recordings with different EPSC frequencies. (a) Amplitude distribution
of a ‘bursting’ afferent fiber in 5.8 mM K* saline (for original, see
Fig. 7d). (b) Cumulative EPSC amplitude plots for the bursting fiber in
a and two other afferents recorded in 5.8 or 40 mM K* with different
EPSC frequencies.
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Fig. 7. ‘Bursting’ activity in postnatal IHCs and afferent fibers, as
assessed by whole-cell recordings. (a, ¢) Current-clamp recordings
from IHCs and (b, d) voltage-clamp recordings (V, = 94 mV) from
afferent fibers. (a) During application of 40 mM K*, IHCs depolarized,
transiently fired Ca2* action potentials (magnified in inset) and then kept
a steady depolarized potential. (b) During application of 40 mM K*,
EPSCs initially activated in bursts (one burst magnified). (c) Action
potentials in an IHC in 5.8 mM K*. (d) An afferent fiber showing bursts
of EPSCs in 5.8 mM K*. EPSC bursts occurred at a duration and fre-
quency similar to those of IHC CaZ* action potentials (compare with c)
and are probably caused by them.

The mean amplitude is 190 + 149 pA, not different from those of
fibers recorded in 40 mM K*. Also, the relation between ampli-
tude and Ty, ,, or 10-90% rise time for monophasic EPSCs in this
condition (Fig. 6¢ and d) was like that shown for EPSCs in 40 mM
K™ (Fig. 5a-d). A column of EPSCs lined up just below a Tyecq, Of
1 msec, with longer decay times spreading to smaller amplitudes.
Thus, even though the mean EPSC frequency in 5.8 mM K* was
18-fold lower than in 40 mM K* (1.5 versus 22.7/s), the amplitude
and waveform distributions were similar in the two conditions.
We analyzed interevent interval histograms in two fibers
recorded in 5.8 mM K*. In both cases, short intervals were great-
ly over-represented. For one fiber, the first bin of the histogram
(20 ms width, over 80% of data points <5 ms) was 7 times high-
er than expected from a monoexponential fit (T = 450 ms)
(Fig. 6b), and in a second fiber the first bin (width 50 ms, over
80% < 5 ms) was 4 times higher (T = 2 s). The excess of short
intervals is not predicted by a single stochastic process, but rein-
forces the notion that multiple release events can be temporally
coordinated, consistent with spontaneous multivesicular release.

CaZ* action potentials in IHCs induce EPSC bursting

The data discussed above were obtained without simultaneously
recording hair cell membrane potential. Because neonatal IHCs
can generate Ca®" action potentials'®, it is possible that some of
these EPSCs might represent evoked, rather than spontaneous,
transmitter release. Several observations on IHC excitability, how-
ever, lead to alternative conclusions. Intracellular recordings from
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IHCs showed resting membrane potentials between —50 and
—75 mV in 5.8 mM K* saline. When exposed to 40 mM K%, the
IHCs depolarized to between —40 and —20 mV over the course of
several seconds (Fig. 7a). In the first seconds of depolarization,
IHC:s fired a series of Ca?* action potentials before stabilizing at a
depolarized voltage. Comparing IHC recordings with recordings
from afferent fibers exposed to 40 mM K, we saw ‘bursts’ of EPSCs
elicited during the first seconds of 40 mM K* application (Fig. 7b).
EPSC timing then became irregular, as described previously. Occa-
sional THCs fired repetitive Ca?" action potentials at their resting
potential in 5.8 mM K, depolarizing to about —10 mV at the peak
of the Ca?" action potentials (Fig. 7c). During recordings from
2 boutons in 5.8 mM K*, bursts of EPSCs with corresponding
duration and frequency were observed (Fig. 7d), presumably result-
ing from Ca?* action potentials in the presynaptic IHC.

Two points can be made from these observations. First,
depolarization with 40 mM K* produced Ca?* action poten-
tials in the IHC only in the first few seconds, after which the
membrane potential remained stably depolarized at —40 to
—20 mV. Thus, EPSCs occurring after the first seconds of K*
depolarization or in 5.8 mM K*, when no bursting is seen in
the afferent fiber, are spontaneous in the sense that they are not
evoked by Ca?* action potentials. Second, the unique pattern
of EPSP bursting can be associated with the occurrence of Ca>*
action potentials in the IHC, providing thereby an opportuni-
ty to examine evoked release from IHCs.

EPSCs vary in frequency but not mean amplitude

The observation of bursting EPSCs presumably activated by IHC
Ca?" action potentials (Fig. 7c) provides additional insight.
Although fewer events were observed, nonetheless the overall shape
of the amplitude histogram of a bursting fiber (Fig. 8a) is closely
related to those seen previously. The mode was at about 30 pA and
the mean amplitude was 148 + 112 pA. These numbers are indis-
tinguishable from those describing spontaneous EPSCs.

From the analysis of EPSCs occurring in different K* con-
centrations and during IHC Ca?* action potentials, it seems like-
ly that amplitude distributions are little altered as release
frequency changes. This can be seen more clearly from cumula-
tive probability plots of EPSC amplitudes from three afferent
boutons representing a range of conditions and event frequen-
cies (Fig. 8b). Irregular, low-frequency (2.7 Hz) EPSCs in 5.8 mM
K*, EPSCs at 52 Hz in a fiber depolarized by 40 mM K*, and
EPSCs occurring at 148 Hz during Ca?* action potential-evoked
bursts all had identical distribution functions. Amplitude distri-
butions for these example recordings were unaffected over a more
than 50-fold range of release frequencies. This point is also evi-
dent by recognizing that four fibers in 40 mM K* had EPSC fre-
quencies that varied 10-fold but overlapping cumulative
distribution functions (not shown).

DiscussioN
Intracellular recordings from afferent boutons contacting IHCs
provide high-resolution voltage clamping of synaptic currents at
this ribbon synapse. The small size of this contact indicates that
the observed EPSCs probably arise from single presynaptic active
zones, usually comprising one or two synaptic ribbons. Thus, it
should be possible to examine the mechanisms of release with-
out the anatomical complexities that hinder analysis at central
synapses'®. An initial goal of our research was to characterize the
ligand-gated channels that carry these currents.

Previous work has indicated that neurotransmission at the
THC afferent synapse probably is mediated by AMPA receptors
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and that NMDA receptors may or may not also be involved!®-22,
Our data here show that EPSCs in afferent fibers contacting post-
natal IHCs are mediated by AMPA but not NMDA receptors. We
did not look specifically for slower effects that might arise from
NMDA receptor gating. AMPA-mediated currents elsewhere in
the auditory pathway have rapid gating kinetics?> and similar
properties might be expected at the IHC synapse. The miniature
EPSCs (mEPSCs) in bushy cells of the rat AVCN had a Tdecay of
350 ps?* and mEPSCs in the avian nucleus magnocellularis
decayed with a time constant of 430 ps?> (at room temperature).
The longer Ty, of 1.07 ms seen in afferent boutons could result
from the postulated multivesicular release. Accordingly, the small-
est and fastest EPSCs, corresponding perhaps to single quantal
responses, had considerably shorter Tye s, <300 Hs.

There is continued speculation as to how ribbon synapses
achieve rapid, continuous transmitter release!’. Is all ribbon release
quantized? How does quantal content vary with stimulus inten-
sity? Earlier recordings from vestibular afferents in the frog and
goldfish led to the proposition that the ribbon synapse released
single vesicles. This was based on the Gaussian distribution of
spontaneous synaptic potentials?®27 (but see more recent dis-
agreement®®). In contrast, the present study shows that the ampli-
tude of spontaneous EPSCs at the cochlear hair cell synapse is
highly variable. We propose that these responses arise not from
stochastic release of single vesicles but from coordinate release of
varying numbers of vesicles by the ribbon synapse, as has been
described for Purkinje cells and single synaptic sites in cerebellar
stellate and basket cells?®3%, This hypothesis is supported by the
dual exponential distribution of EPSC intervals, which indicates
that a single Poisson process does not describe transmitter release.
Indeed, when the average event frequency was below 10 Hz, an
excess of very short intervals (<5 ms) was observed. These may
reflect the multiphasic EPSCs, which we interpret as imperfectly
coordinated, temporally dispersed multivesicular release.

The non-Gaussian EPSC amplitude distributions also are con-
sistent with multivesicular release. These distributions had large
CVs (77-95%) and were highly skewed, with the mode at 36 pA,
means of 130-190 pA and maxima as high as 775 pA. It seems
reasonable to propose that the modal peak represents the quan-
tal size, because the equivalent conductance, 0.40 nS, compares
closely to that found in AMPA-dependent synapses in the CNS
(0.45 nS)3!. The average EPSC would then be due to the release of
3—6 vesicles and the largest EPSC would consist of 22 vesicles
(assuming linear summation).

How does the distribution of ribbon EPSCs compare to those
of other synapses? Some studies on central synapses show that
quantal size is well described by single Gaussian functions with
low CV (e.g.,*2, reviewed recently in'®), which would accord with
the present hypothesis of multivesicular release generating the
observed amplitude variability. Other researchers, however, have
proposed that variations in vesicle size or contents generate vari-
able quantal sizes, albeit normally distributed and with CV's
smaller than those observed here3334,

In saccular hair cells of the frog, synaptic vesicle size was nor-
mally distributed with a CV (for calculated volumes) of 26%
(ref. 35), considerably less than that found here. Variable filling of
vesicles cannot be ruled out, but this would imply that fully
loaded vesicles occur infrequently and generate quantal respons-
es 20 times larger than those observed in other glutamatergic
synapses. Other possible sources of variability include partial acti-
vation of receptors due to release at distant sites and incomplete
vesicular fusion and release. None of these alternative mecha-
nisms has been tested explicitly here, although a comparison of
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the present results to capacitance measurements (see below) indi-
cates that the majority of vesicles probably fuse completely. What-
ever the source of variability, it must account for the relationship
between amplitude and waveform found in every recording. For
example, the entire range of amplitudes occurred among the
fastest EPSCs—inconsistent with the predicted effect of distant
release sites, which should produce only smaller, slower EPSCs.

Some variability might be attributable to the relative imma-
turity of these synapses. Hair cell innervation changes progres-
sively during development and may not have been fully mature at
the time of our recordings. For example, the contacts of afferent
fibers in the gerbil cochlea gradually retract from several to one
IHC during the second postnatal week>®. Distant input from col-
lateral contacts is unlikely to account for EPSC variability, how-
ever, as our recordings from a subset of boutons with only short
axonal stumps had equally wide amplitude variations.

In addition, during early postnatal development, multiple rib-
bons are seen in the mouse cochlea, but these are already reduced
to one or two per afferent contact in the second postnatal week?’.
Thus, the present recordings could include release from multi-
ple ribbons, perhaps generating some of the observed amplitude
variability. If so, vesicular content or postsynaptic receptor den-
sity would need to vary widely between immediately adjacent
ribbons.

If the ribbon synapse employs multivesicular release, then the
amplitude histogram should be described by binomial statistics.
We were unable to fit binomial distributions to this data, how-
ever. The main problem was that a mean quantum content that
could accommodate the initial peak did not predict the larger
events. Although there is no verified explanation for the excess
of large responses, there is some similarity between this and the
distribution of ‘large-amplitude miniature inhibitory postsy-
naptic currents’ in cerebellar Purkinje cells?. There, the large-
amplitude spontaneous currents were attributed to multivesicular
release driven by calcium release from intracellular stores. Neona-
tal THCs have putative intracellular calcium stores at nearby effer-
ent synaptic contacts that could contribute to such a process3®.

Does a mechanism of multivesicular release fit with other
known features of the hair cell ribbon synapse? On the basis of
the ultrastructure of the hair cell ribbon, it seems that multiple
vesicles could be released simultaneously. Reconstruction of
synaptic zones showed that a maximum of 138 vesicles could be
closely packed beneath the ribbon (470 nm diameter) in frog sac-
cular hair cells®>. Extrapolating to the smaller ribbon of the IHC
(100 x 250 nm)?7 yields a maximum of 20 vesicles at close pack-
ing, near the present estimates of 22 vesicles for the largest EPSCs.

Capacitance measurements also provide estimates of vesicu-
lar release that can be compared to the predicted quantal con-
tent of EPSCs. For example, single Ca2* action potentials
(duration 0100 ms) in mouse IHCs” caused a capacitance
increase equivalent to the fusion of 1,000 synaptic vesicles.
Assuming 25 synaptic sites per ITHC 7, this corresponds to 40 vesi-
cles released per site. During single bursts of EPSCs (mean dura-
tion 81 ms) thought to result from IHC Ca?* action potentials,
47 vesicles were released on average (obtained by dividing the
summed EPSC amplitudes in a burst by the assumed quantal
size). In addition, capacitance measurements have been used to
estimate maximum rates of release of [250 vesicles per second
at single synapses of mouse or chicken hair cells’, verging on the
highest rates obtained here ([580 vesicles/s, assuming linear sum-
mation of EPSCs in bursts). Although these derivations are sub-
ject to numerous uncertainties, the correspondence in the
estimated numbers of vesicles provided by different experimen-
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tal approaches supports the hypothesis that the hair cell ribbon
synapse operates by multivesicular release.

Perhaps the most challenging observation made in the pre-
sent study was that the amplitude distribution of EPSCs did not
vary systematically during depolarization that increased release
frequency more than 50-fold. It was as though depolarization
raised the probability of a ‘controlling step’ in the release process
that then effected the simultaneous release of a variable num-
ber of docked vesicles. A related deduction is that the docking
of multiple vesicles to make up the readily releasable pool is rel-
atively independent of depolarization and Ca** influx. The iden-
tity of the calcium-dependent controlling step and the
mechanism that determines the number of docked vesicles await
future experimental testing, but the synaptic ribbon might be
involved in both these processes.

What is the functional significance of multivesicular release?
An EPSC of 36 pA would cause a 35-70-mV depolarization across
the input resistance of the afferent bouton (1-2 GQ), which makes
it likely that single quanta would excite action potentials. Why,
then, is there multivesicular release? Perhaps to insure vesicle avail-
ability. The hair cell synapse must be able to drive spontaneous
and evoked activity in afferent fibers at rates up to several hun-
dred per second. The EPSC frequency in postnatal afferent fibers
in 5.8 mM K* saline ranged between 0 and 2.7/s. This fits with
findings of low spontaneous activity in developing auditory nerve
fibers of mammals®. The highest EPSC frequencies, however,
were found during bursts produced by IHC action potentials, up
to 150 Hz. Higher frequencies might occur in mature IHCs where
Ca** influx more efficiently triggers transmitter release®. Thus the
IHC synapse, even at room temperature, is capable of driving
high-frequency afferent activity. In addition, the amplitude dis-
tribution of EPSCs was unchanged at the highest rates of release,
indicating that the mechanism for recruiting and docking vesi-
cles can operate at still higher frequencies, perhaps to enable phase
locking even up to several kilohertz. Thus, continuous and rapid
synaptic transmission at the hair cell’s ribbon synapse might occur
by a mechanism that involves multivesicular release, as suggest-
ed in earlier work!>%8, This mode of operation may be general for
ribbon synapses, as large variations in EPSC amplitude also are
found in retinal bipolar cells*’.

METHODS

Experiments were approved by the Animal Care and Use Committee,
Johns Hopkins University. Apical turns of the rat organ of Corti (CD
rats, Charles River, Wilmington, Massachusetts) were isolated, mount-
ed under an Axioscope microscope (Zeiss, Oberkochem, Germany) and
viewed with differential interference contrast (DIC) using a 63% water-
immersion objective and a camera with contrast enhancement (Hama-
matsu C2400-07, Hamamatsu City, Japan). The tectorial membrane and
cell layers covering the IHCs were taken away using a wide-bore pipette.
Currents from afferent fibers were recorded using the whole-cell patch-
clamp technique. Methods for patch-clamp recordings from hair cells in
this preparation have been established earlier*!. The pipette solution was
150 mM KCl, 3.5 mM MgCl,, 0.1 mM CaCl,, 5 mM EGTA, 5 mM
HEPES buffer, 2.5 mM Na,ATP, pH 7.2; for some experiments CsCl was
substituted for KCL. The extracellular solution was 5.8 mM KCl, 155 mM
NaCl, 0.9 mM MgCl,, 1.3 mM CaCl,, 0.7 mM NaH,PO,, 5.6 mM glu-
cose, 10 mM HEPES bulffer, pH 7.4. Sylgard-coated 1-mm borosilicate
glass pipettes had resistances of 15-25 MQ for bouton recordings and
5-10 MQ for IHC recordings. Solutions containing elevated potassium or
dilute drugs were applied by a gravity-fed multichannel glass pipette
(150-pm tip diameter) positioned about 300 pm from the recorded ter-
minal. Currents were recorded with PClamp8 software, with an Axopatch
200B amplifier, lowpass filtered at 5-10 kHz and digitized at 33—-50 kHz
with a Digidata 1200 board (Axon Instruments, Foster City, California).
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Recordings were done at room temperature (22-25°C). Holding poten-
tials were corrected for liquid junction potentials (4 mV) but not for
voltage drop across the uncompensated series resistance (R;). In most
experiments we were not able to compensate R, because there was no
visible change in capacitance when entering whole-cell mode. In these
cases, the afferent fiber terminal may have lost its connection to the soma,
resulting in a membrane capacitance (C,,) <1 pE. In some afferent fiber
recordings with membrane potentials between —42 and —72 mV, we
recorded a C,, of 0.5-2 pF and R, of 29-50 MQ. Afferent fibers had input
resistances of 1-3 GQ at —94 mV. The clamp time constant was estimat-
ed to be less than 40 ps (assuming R, is 40 MQ, C,,, <1 pF), yielding a
bandwidth greater than 4 kHz. The error in EPSC amplitude due to
uncompensated R, would affect only large EPSCs, which represent a small
percentage of the data (400-800 pA <5%), and therefore would not affect
the calculated I-V relations or the peak in the amplitude histograms at
36 pA. For the biggest EPSCs, we estimated the recorded Ty, to be about
120% of the real values due to R,. As recordings were made directly at
the synapse, no distortion due to space clamp is expected. EPSCs were
analyzed with Minianalysis (Synaptosoft, Jaejin Software, Leonia, New
Jersey). EPSCs were identified using a search routine for event detection
with a threshold of 5 pA and confirmed by eye. Ty, values were fit with
a monoexponential. Amplitudes of overlapping EPSCs were estimated
by fitting the decay of the first EPSC and subtracting the fitted value at the
time of the second peak. For further analysis, we used Excel (Microsoft,
Redmond, Washington) and Igor Pro (Wavemetrics, Lake Oswego, Ore-
gon). A two-sample ¢-test assuming unequal variances was used for sta-
tistical analysis. Data are presented as mean * s.d.
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